Retroviruses display a strong selective pressure to maintain the dimeric nature of their genomic RNAs, suggesting that dimerization is essential for viral replication. Recently, we identified the cis-element required for initiation of human immunodeficiency virus type I (HIV-I) RNA dimerization in vitro. The dimerization initiation site (DIS) is a hairpin structure containing a self-complementary sequence in the loop. We proposed that dimerization is initiated by a loop-loop kissing interaction involving the self-complementary sequence present in each monomer. We tested the ability of sense and antisense oligonucleotides targeted against the DIS to interfere with a preformed viral RNA dimer. Selfdimerization and inhibition properties of the tested oligonucleotides are dictated by the nature of the loop. An RNA loop is absolutely required in the case of sense oligonucleotides, whereas the nature and the sequence of the stem is not important. They form reversible looploop interactions and act as competitive inhibitors. Antisense oligonucleotides are less efficient in self-dimerization and are more potent inhibitors than sense oligonucleotides. They are less sensitive to the nature of the loop than the antisense oligonucleotides. Antisense hairpins with either RNA or DNA stems are able to form highly stable and irreversible complexes with viral RNA, resulting from complete extension of base pairing initiated by loop-loop interaction.
Retroviruses display a strong selective pressure to maintain the dimeric nature of their genomic RNAs, suggesting that dimerization is essential for viral replication. Recently, we identified the cis-element required for initiation of human immunodeficiency virus type I (HIV-I) RNA dimerization in vitro. The dimerization initiation site (DIS) is a hairpin structure containing a self-complementary sequence in the loop. We proposed that dimerization is initiated by a loop-loop kissing interaction involving the self-complementary sequence present in each monomer. We tested the ability of sense and antisense oligonucleotides targeted against the DIS to interfere with a preformed viral RNA dimer. Selfdimerization and inhibition properties of the tested oligonucleotides are dictated by the nature of the loop. An RNA loop is absolutely required in the case of sense oligonucleotides, whereas the nature and the sequence of the stem is not important. They form reversible looploop interactions and act as competitive inhibitors. Antisense oligonucleotides are less efficient in self-dimerization and are more potent inhibitors than sense oligonucleotides. They are less sensitive to the nature of the loop than the antisense oligonucleotides. Antisense hairpins with either RNA or DNA stems are able to form highly stable and irreversible complexes with viral RNA, resulting from complete extension of base pairing initiated by loop-loop interaction.
The rational design of antiviral agents is a potential alternative to conventional drug screening in fighting against viral invasion. The antisense oligonucleotide strategy offers an attractive concept, based on the complementarity to a unique site on the RNA target, leading to the selective interference with a given function by "hybridization arrest" (for review, see Refs. 1-3). In the case of human immunodeficiency virus (HIV-I), 1 antisense oligonucleotides have been essentially targeted against sites on the genomic RNA and subgenomic mRNAs controlling the expression of viral proteins (4 -10) or against functional sites located in the 5Ј-untranslated region (4, 5, 8, 11, 12) . An alternative strategy is to use sense decoy motifs that mimic important RNA structure elements (13) (14) . Targets on RNA have to be chosen based on the different criteria: functional relevance, sequence conservation, and accessibility to the oligonucleotide within the RNA structure. The latter point is a major problem since the target might be sequestered by the intrinsic structure of the viral RNA and/or by possible interactions with viral or cellular proteins. However, information about the availability of the target is most often missing. A new target site that obeys these three conditions is the recently characterized site that initiates the dimerization of HIV-I genomic RNA.
The fact that there is a strong selective pressure to maintain the dimeric nature of genomic RNA suggests that dimerization represents a good target for sense or antisense oligonucleotides. The diploid nature of the RNA genome was suggested to enhance genetic recombination, probably by favoring interstrand transfer during reverse transcription (16 -18 ). An advantageous consequence is to increase the rate of retroviral evolution and to bypass occasional breaks in one of the genomic RNA (19, 20) . In addition, dimerization is generally believed to regulate encapsidation (21) (22) (23) and translation (21, 24) .
We have previously identified a cis-element responsible for the initiation of the dimerization of HIV-I RNA (Mal strain) in vitro that we named DIS (dimerization initiation site) (25) (26) (27) . The DIS is a hairpin structure containing a self-complementary 6-nucleotide sequence in the loop (see Fig. 1A ) located between the primer binding site and the 5Ј-splice donor site. Our results suggested that dimerization is initiated via a loop-loop interaction based on Watson-Crick base pairing between the selfcomplementary sequences present on each monomer (see Fig.  1A ). The proposed mechanism presents striking analogies with natural antisense RNA-regulated systems (for reviews, see Refs. 28 -31) . However, in contrast with sense-antisense RNA interactions, the formation of a reversible loop-loop kissing complex is not followed by the propagation of intermolecular base pairing (32) . The RNA dimer is further stabilized by additional interactions involving conserved sequences downstream of the splice donor site (26) .
While the role of the DIS is going to be clearly elucidated in RNA dimerization in vitro, there is growing evidence for a functional implication of this region in the context of viral infection. A recent report indicates that sequences proposed to be involved in forming a kissing loop complex facilitate HIV-I genomic RNA dimerization in vivo (33) . Furthermore, the DIS hairpin was shown to be part of the packaging signal (34) , thus confirming a preceding observation that a deletion in this region resulted in a 6-fold reduction of encapsidation (35) . These observations agree with our own recent results that indicate that deletion of the DIS hairpin induces a moderate defect in encapsidation (36) . Moreover, this deletion also reduces the infectivity by 3 orders of magnitude. More unexpectedly, this is correlated with a strong inhibition of the proviral DNA synthesis. Thus, these findings indicate that the DIS probably represents a good target for antiviral therapy since it appears to be involved in both early and late events of virus infection. Noteworthy are the facts that the DIS is highly conserved among HIV-I isolates and only two self-complementary sequences are observed, GUGCAC and GCGCGC (37) . The dimerization mechanism that we proposed was also verified for the Lai strain, which displays the latter sequence (38, 39) . Last but not least, one main advantage of using the DIS as a target is linked to its intrinsic function and its mode of action in initiating dimerization. Since the DIS primarily acts as a recognition site between two genomic RNA molecules, it has to be highly accessible in the viral RNA.
In this study, we tested a set of different sense and antisense oligonucleotides, full RNA, full DNA, or mixed RNA/DNA, targeted against the DIS for the ability to interfere with dimerization of a viral RNA fragment in vitro. Comparison of their inhibitory effects and analyses of their intrinsic dimerization properties, the dynamics, and the stability of the interactions revealed important differences in the mechanism of interaction of sense and antisense molecules with the target RNA. The data support the potential application of both sense and antisense agents as therapeutic tools directed against HIV.
EXPERIMENTAL PROCEDURES
Oligonucleotides and Viral RNA-Full RNA and mixed RNA/DNA oligonucleotides were chemically synthesized and purified by Genset (Paris, France). DNA oligonucleotides were synthesized with an Applied Biosystems synthesizer. Oligonucleotides were 5Ј-labeled with [␥-32 P]ATP (Amersham Corp.) using T4 polynucleotide kinase (U. S. Biochemical Corp.). RNA 1-615 from HIV-I Mal was prepared by T7 RNA polymerase transcription as described previously (25) . Internal labeling of RNA was achieved by adding [␣-32 P]ATP (Amersham Corp.) during transcription.
In Vitro Dimerization and Competition Experiments-In a typical experiment, labeled viral RNA was heated at 95°C for 2 min in water, cooled on ice, and incubated at 37°C for 30 min in the dimerization buffer (50 mM sodium cacodylate, pH 7.5, 300 mM KCl, 5 mM MgCl 2 ) (40). The final RNA concentration was between 300 and 400 nM. Increasing concentrations of unlabeled competitor oligonucleotide were added, and the incubation was continued for 15 min. Alternatively, the competitor oligonucleotide was added prior to the heat denaturation step. Samples were analyzed on 1.1% agarose gel in TBM 5 buffer (45 mM Tris borate, pH 8.3, 5 mM MgOAc 2 ). Electrophoresis was performed in the same buffer. Gels were fixed with 10% trichloro acetic acid and dried. The radioactivity was quantified on a BAS 2000 bioimager (Fuji Medical Systems USA). The fraction of RNA dimer (f D ) was defined as the weight:weight ratio of the dimer to the total RNA species.
For chase experiments, the same protocol was used except that the viral RNA was unlabeled, and the inhibitor oligonucleotide (added at a 1:1 molar ratio) was labeled. Increasing concentrations of unlabeled competitor oligonucleotide (the same one for homologous displacement and a different one for heterologous displacement) were added, and the incubation was continued for 15 min. The final amount of bound, labeled oligonucleotide was measured as described above.
For estimation of the dimerization efficiency of oligonucleotides, increasing concentrations of labeled oligonucleotides were subjected to the same dimerization protocol as above. The monomeric and dimeric species were fractionated by electrophoresis on 10% polyacrylamide, 0.27% bisacrylamide gel in TBM 5 buffer. Quantification was assisted either by the Fuji or whole band analyzer (Bio Images) software. The dissociation constant (K d ) was determined as described previously (32) .
Thermal Stability of Viral RNA-Oligonucleotide Complexes-The thermal stability of the complexes was estimated by the temperature gradient gel electrophoresis (TGGE) technique devised by Riesner et al. (41) . The complex between unlabeled RNA 1-615 and the labeled oligonucleotide was formed according to the dimerization procedure described above. The sample (20 l) was diluted to 100 l with TBM 5 buffer containing 45% glycerol and loaded on a 3.3% polyacrylamide, 0.08% bisacrylamide gel in TBM 5 buffer, covalently bound to a gelsupport film (Qiagen Inc., Germany). The gel was first run in a vertical position for 30 min at 4°C, thus allowing fractionation of bound and unbound species. After removing the upper glass plate, the gel was placed in a horizontal TGGE apparatus (Qiagen Inc.). The temperature gradient was established between 10 -20 and 50 -70°C. The equilibrium was reached after 10 -15 min, and electrophoresis was allowed for 1-1.5 h at 300 V.
RESULTS

Interference of Oligonucleotides with Preformed RNA
Dimers-Recently, we showed that dimerization of HIV-I RNA is essentially governed by a dynamic loop-loop interaction (32) . Thus, it should be possible to interfere with RNA dimerization by using short oligonucleotides that compete with viral RNA for dimerization. Sense (S) and antisense (AS) oligonucleotides targeted against the 35-nucleotide stem-loop (nucleotides 260 -295) or the 9-nucleotide loop of the DIS (nucleotides 272-280) were tested for their ability to inhibit dimerization (Fig. 1B) . They are either full RNA (r), full DNA (d), or mixed DNA-stem/ RNA-loop (dr). Besides these perfect sense or antisense oligonucleotides, "reinforced" stem-loops containing either a sense (rRS27) or an antisense loop (rRAS21) flanked by sequences designed to form a helix with a high stability were also tested. In contrast to the sense and antisense stem-loops, which can potentially form loop-loop and extended interactions, these constructs can form only loop-loop interactions. In a standard assay, 32 P-labeled RNA 1-615 was allowed to dimerize, and the resulting dimer (70 -80%) was incubated with increasing concentrations of unlabeled sense or antisense oligonucleotides for 15 min. The mixture was fractionated by agarose gel electrophoresis, and the amount of RNA 1-615 dimer was quantified. Typical examples of gels are shown in Fig. 2A , and the results
FIG. 1. Sense and antisense oligonucleotides targeted against the DIS of HIV-I Mal RNA (nucleotides 260 -294).
A, secondary structure of the DIS in the monomer and in the loop-loop kissing complex. B, list of oligonucleotides used in this study. The ribonucleotide and deoxyribonucleotide residues are indicated in uppercase and lowercase letters, respectively. Nucleotides that correspond to a selfcomplementary loop sequence are indicated in bold, and nucleotides that can base pair are underlined. rRS27 and rRAS21 can form a reinforced stem unrelated to the viral sequence.
are summarized in Fig. 2 , B and C, and Table I . The same results were obtained when incubation with the competitor oligonucleotides was for 30 min.
It was verified by using 32 P-labeled oligonucleotides that oligonucleotides do inhibit dimerization by interacting with the monomer but not with the dimer (less than 0.1% in the case of rAS35) (Fig. 3) . Remarkably, the results were not significantly changed whether the oligonucleotides were added before the formation of the dimer (prior to the denaturation step) or after dimerization has been allowed to occur (Fig. 3, results shown for rS35 and rAS35). These findings indicate that oligonucleotides can interfere with preformed RNA dimer, thus confirming our previous observation that dimerization is essentially governed by a reversible loop-loop interaction (32) .
Comparative Effect of RNA and DNA Oligonucleotides-The first unexpected result is that sense RNA hairpin (rS35) interferes efficiently with dimerization of RNA 1-615, whereas the full DNA oligonucleotide (dS35) does not show any inhibitory effect (Fig. 2B) . However, the inhibitory effect is completely restored when the loop is made of RNA (drS35). Therefore, the chemical nature of the loop (RNA versus DNA), but not of the stem, is essential, and an RNA loop represents an absolute requisite to sense oligonucleotide interaction. On the other hand, the full DNA antisense hairpin (dAS35) is able to induce some inhibition but is much less efficient than the corresponding RNA antisense hairpin (rAS35) (Fig. 2C) . The inhibitory effect is increased when the loop is RNA (drAS35), thus suggesting that as in the case of sense oligonucleotides, the nature of the loop is important although not absolutely required. Strikingly, dAS9 is less efficient, by far, in dimerization inhibition than rAS9 although both can potentially form nine base pairs with viral RNA. This behavior might reflect both a higher stability of the RNA-RNA hybrid compared with the RNA-DNA hybrid or/and specific requirements for the recognition of the intrinsic structure of the viral DIS loop.
Comparative Effect of Sense and Antisense Oligonucleotides-The second observation is that antisense oligonucleotides are more efficient than their sense homologues (Fig. 2C ). An almost complete inhibition (10% residual dimerization) is reached at a 5:1 molar ratio with rS35, whereas it is reached at a 2:1 molar ratio when rAS35 is used. The effect is even more pronounced with the antisense 9-mer loop (rAS9), the most efficient inhibitor that provides a maximal inhibition at a 1:1 ratio. An opposite observation is made in the case of sense oligonucleotides; rS35 is much more efficient than rS9 although both oligonucleotides are assumed to form six base pairs with the viral DIS loop. These observations indicate that the interaction is strongly dependent on the loop context in the case of sense RNA, but not in the case of antisense oligonucleotides. Note that the inhibitory effect of rS9 is strongly reduced by a single mutation in the autocomplementary sequence (rSm9) that induces a C-A mismatch and decreases the stability of the interaction.
The results obtained with sense-and antisense-reinforced hairpins (rRS27 and rRAS21) also provide interesting results on the relative contribution of the stem and loop elements. As expected from the loop-loop recognition mechanism, rRS27 is more efficient than rS9 and provides an inhibition similar to that of rS35. Indeed, the respective effects of rRS27 and rS35 are indistinguishable up to a 2-fold molar excess. However, no additional inhibition is observed over this value (Fig. 2B) . The reason for this behavior is not well understood and might be related to the increased stability of rR27 as compared with rS35. On the other hand, rRAS21, which only keeps the antisense loop allowing nine potential base pairs, has a drastically reduced efficiency as compared to rAS9. Therefore, in contrast with the sense oligonucleotides, the interaction is not favored by the loop context in the case of antisense oligonucleotides. In addition, the fact that rRAS21 is less efficient than rAS35 suggests the involvement of the stem in the inhibition induced by the antisense hairpin.
Ability of Oligonucleotides to Dimerize-A possible cause of the different inhibitory effects of sense and antisense oligonucleotides is their capacity to dimerize on themselves. Indeed, both sense and antisense oligonucleotides can form a hairpin containing the GUGCAC autocomplementary sequence in the loop (Fig. 1) . However, the 5Ј-and 3Ј-flanking nucleotides are different: AG and G, and U and CU for sense and antisense oligonucleotides, respectively. If the intrinsic structure of the loop provides determinant elements for the interaction, differences in homodimerization should be observed. Such differences might affect the inhibitory effect of the competitor oligonucleotides, since inhibition results from a competition between homo-and hetero-association. Therefore, an efficient self-association of the oligonucleotide is expected to reduce the amount of oligonucleotide available for interaction with viral RNA.
The dissociation constant (K d ) of the different oligonucleotides was determined (Table I ) and several observations can be made. (i) The full DNA hairpins (either sense or antisense) do not dimerize. (ii) The sense hairpin (rS35) has a K d very similar to that of RNA 1-615 (21 nM), as expected from the reversible loop-loop mechanism of dimerization. This provides further evidence that the main dimerization element is contained in the 35-mer hairpin. The homodimerization of drS35 and rRS27 is even more efficient, possibly due to an increased stability of the stem. (iii) rAS35 dimerizes with a reduced efficiency as compared with rS35 and its hairpin analogues (drS35 and rRS27), consistent with the proposed inverse relationship between self-association and inhibitory effect. (iv) None of the 9-mer oligonucleotides (either sense or antisense) is able to form a stable duplex (involving six base pairs). However, only one provides a high inhibitory effect (rAS9), indicating that the inhibitory effect is governed not only by the preceding rule. (v) The reinforced antisense hairpin (rRAS21) displays contradictory properties. Its K d is decreased by 10-fold as compared with rAS35, and its inhibitory effect is decreased, consistent with the rule stated previously. However, it dimerizes less efficiently than all sense hairpins (in particular rRS27) while its inhibitory effect is decreased as compared with these sense oligonucleotides. Therefore, the present observations only provide a partial explanation for the high efficiency of antisense oligonucleotides to inhibit viral RNA dimerization as compared with sense oligonucleotides, suggesting that sense and antisense oligonucleotides might inhibit dimerization by different mechanisms.
Dynamics and Stability of the Viral RNA-Oligonucleotide
Complexes-To further analyze the different mechanisms by which sense and antisense oligonucleotides interfere with dimerization of viral RNA, we investigated the dynamics and the stability of heterodimers formed between RNA 1-615 and either rS35 or rAS35. First, we followed the displacement of bound, labeled oligonucleotides by different sense and antisense unlabeled oligonucleotides (Fig. 4) . The sense 35-mer is equally displaced by its cold homologue and drS35, as expected from a simple competition mechanism. However, rS35 is more efficiently displaced by antisense oligonucleotides (rAS35, drAS35, and rAS9) (Fig. 4A) . To the contrary, rAS35 cannot be displaced by its sense counterpart, and only a small fraction (0.1%) can be displaced by self-competition (Fig. 4B) . Moreover, the fact that rAS9 can be displaced by rAS35 and by itself (Fig.  4B) suggests that rAS9 and rAS35 inhibit dimerization of viral RNA by distinct mechanisms.
Our results indicate that the viral RNA dimer, the sense hairpin dimer, and the viral RNA-sense oligonucleotide heterodimer are in dynamic equilibrium through the DIS loop-loop interaction, consistent with a competitive inhibition mechanism. To the opposite, inhibition by the antisense hairpin is not simply competitive. One possible explanation is that rAS35 is able to form an extended duplex covering 35 base pairs, whereas the sense analogue only forms the reversible 6-base pair loop-loop interaction. Such an extended duplex is expected to be very stable and difficult to displace. It was interesting to study the binding of drAS35, which showed an intermediate inhibitory effect (Table I ). It turns out that about 40% of the bound drAS35 can be displaced by itself or by rAS35 (Fig. 4B) . Thus, a likely explanation is that drAS35 forms the two types of heterodimers (extended and loop-loop complex). This view is supported by the observation that rS35, which can only displace the dynamic loop-loop complex, is able to displace the same exchangeable fraction of the bound drAS35 (Fig. 4B) . In addition, drAS35 is as efficient as rAS35 in displacing rS35 (Fig. 4A) .
Intermolecular loop-loop and extended interactions should be easily discriminated by their thermal stability. Therefore, we used TGGE to compare the stability of the heterodimers between RNA 1-615 and labeled sense and antisense RNA oligonucleotides. The gels are shown in Fig. 5 . Bound rS35 starts to dissociate from RNA 1-615 around 25°C and is completely dissociated around 35°C (Fig. 4A) . The melting pattern is similar to that observed for RNA 1-615 homodimer (result not shown). Note that the melting values obtained by this method are lower than values obtained by the standard melting procedure, which consists of gradually increasing the temper -FIG. 3 . Binding of rS35 and rAS35 to viral RNA and the effect of adding the competitor oligonucleotide before or after the dimerization step. Unlabeled viral RNA 1-615 was either allowed to dimerize and then incubated with competitor 32 P-labeled oligonucleotides at a 1:1 (1a), 3:1 (2a), and 10:1 (3a) molar ratio or mixed with the competitor oligonucleotides prior to the denaturation/dimerization step at the same molar ratios (1b, 2b, 3b) . Note that a constant amount of labeled oligonucleotide was added in these experiments, with increasing amounts of unlabeled material to adjust the concentration. The resulting products were analyzed by agarose gel electrophoresis, and RNAs were revealed by ethidium bromide (A) and autoradiography ( ature of the RNA solution and analyzing aliquots on cold agarose gel (25) . This is not really surprising due to the very different experimental conditions. To the contrary, no melting is observed with rAS35 up to 50°C (Fig. 5B) , thus confirming the hypothesis that rAS35 is able to form extended interactions. Interestingly, the dissociation profile of rAS9 is the same as that of rS35 (result not shown), indicating that the high stability of the rAS35-viral RNA heterodimer does result from the formation of an extended duplex and not only from base pairing between the complementary loops. The complete annealing of rAS35 to viral RNA was further confirmed by RNase footprinting. 2 
DISCUSSION
The Mechanisms of Inhibition-Our results demonstrate that sense and antisense oligonucleotides inhibit in vitro dimerization of viral RNA by different mechanisms and allow definition of several efficient inhibitors. (i) The sense hairpin acts as a reversible competitive inhibitor involving the same loop-loop interaction that controls the dimerization initiation of the viral RNA (32) . The interaction is essentially governed by the intrinsic structure of the loop and its chemical nature (RNA versus DNA), whereas the sequence of the stem or its chemical nature is not important. (ii) The mechanism by which the antisense stem-loop inhibits dimerization is different and accounts for its increased efficiency. The antisense stem-loop is able to form a complete annealed duplex. Once formed, this complex is extremely stable and almost irreversible. It therefore acts as a suicide inhibitor. The mechanism probably first involves a recognition step mediated by a loop-loop kissing interaction followed by propagation of the intermolecular base pairing, as already described for natural antisense RNAs (28 -31) . This loop-loop interaction is also sensitive to the chemical nature of the antisense loop although to a lower degree than the sense loop. Evidence for this sense-antisense loop-loop interaction is provided by rRAS21, which can form the loop-loop complex but not the extended interactions. (iii) The short antisense RNA complementary to the loop (rAS9) is the most efficient inhibitor. It interacts directly with the loop structure in a reversible manner, independent from the standard looploop interaction. It is also sensitive to the nature of the sugarphosphate backbone.
RNA Loop-Loop Interactions and Extension of the Duplex-In addition, this study stresses interesting particularities that differentiate the different types of complexes: sensesense, antisense-antisense, and sense-antisense hairpins. It turns out that homodimerization does not simply depend on the autocomplementary sequence in the 9-nucleotide loop. The presence of the three purines at positions 1, 2, and 9 in the sense hairpin facilitates "kissing," either by providing a specific loop conformation and/or by stabilizing the loop-loop complex. Such a favorable context is not provided when positions 1, 8, and 9 are occupied by pyrimidine residues (antisense hairpins). This is illustrated by the case of rRAS21. This oligonucleotide, which displays the antisense loop, is less efficient in both homodimerization (antisense-antisense) and heterodimerization (sense-antisense) than its analogues with a sense loop. Therefore, the nucleotides flanking the self-complementary sequence are essential determinants in the loop-loop interaction. This result is consistent with a recent study conducted on model RNA hairpins, which showed that the stability of looploop complexes is not only governed by complementarity between the loops but is modulated by the sequence and structure of the loops (42, 43) .
Our results also show that further propagation of intermolecular pairing requires a complete complementarity between the loops, a condition which is provided by the use of antisense hairpins. The mechanism of annealing of the antisense hairpin slightly differs from the hybridization mechanism of naturally occurring antisense RNAs. In the latter case, a first step is the formation of a transient and reversible interaction between complementary loops (kissing) and propagation of annealing by pairing of the free 5Ј-end of the antisense RNA to a singlestranded region of the sense RNA. This holds true for pairing of RNA I to RNA II (44) , RNA IN to RNA OUT (45) , and CopA to CopT (46) . In contrast, the transient interaction and the extension of the extended duplex will initiate at the same site (the hairpin loop) in the case of the interaction between the viral DIS and the antisense hairpin. The mechanism by which both strands wind around each other from the central region remains unknown. A similar mechanism was proposed for an antisense RNA targeted against the first coding exons of the viral genes tat and rev (47) in which a large 10-nucleotide loop was shown to play a crucial role in the hybridization process.
Functional Implications-The present study shows that it is possible to inhibit dimerization of viral RNA in vitro by sense and antisense oligonucleotides targeted against the DIS, thus offering possible tools to block dimerization of genomic RNA in 2 E. Skripkin, unpublished results.
FIG. 4.
Chase of prebound 32 P-labeled oligonucleotides by unlabeled competitor oligonucleotides. In each case, RNA 1-615 was first allowed to dimerize, the first labeled oligonucleotide was incubated at a 1:1 molar ratio for 15 min, increasing concentrations of the unlabeled competitor were then added, and incubation was continued for 15 min. For each competitor, the fraction of labeled oligonucleotide bound to RNA 1-615 in the presence of unlabeled competitor relative to its value in the absence of competitor is plotted versus the unlabeled competitor/labeled oligonucleotide molar ratio. vivo. One advantage of this system over the standard antisense hybridization mechanism is the fact that the sense and antisense oligonucleotides share a similar mechanism of loop-loop recognition with the viral DIS. This property is expected to increase the efficiency of these molecules as compared with antisense oligonucleotides targeted against other viral RNA sites. Furthermore, the DIS is most likely accessible in the viral RNA, as expected from its proper recognition function.
Antisense oligonucleotides appear as the most promising tools. The 9-mer, although being the most efficient inhibitor in vitro, is probably too short to provide specific inhibition in vivo. The 35-mer hairpin probably fulfills the specificity requirement and is promising due to its annealing properties. Furthermore, the mixed hairpin (drAS35) displays the additional advantage of providing DNA/RNA hybrid sites for RNase H cleavage. However, one limit of the antisense approach is imposed by the stoichiometric nature of the inhibition, with the exception of the mixed antisense hairpin that is potentially recycled after RNase H cleavage of the viral RNA. On the other hand, the dynamic and reversible nature of the sense inhibition may be utilized to design sense agents with a catalytic activity.
A last consideration to be taken into account is a possible role of the nucleocapsid protein in the dimerization process. While free viral RNA is unable to spontaneously form an extended duplex resulting from the annealing of the stems of the DIS (32), the nucleocapsid protein might be able to promote the formation of such an extended duplex, as suggested by Laughrea and Jetté (48) . If true, this should not limit the activity of these sense and antisense agents, but more likely facilitates their action. Indeed, nucleocapsid protein was shown to facilitate ribozyme catalysis by enhancing both ribozyme binding to a rather long substrate and product release (49) . Therefore, sense and antisense oligonucleotides targeted against the viral DIS and their possible modified or conjugated derivatives may prove to be useful tools in developing antiviral agents.
